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Ecologists are increasingly concerned about how climate change will affect biodiversity
yet have mostly addressed the issue at the species level. Here, we present a novel
framework that accounts for the full range and complementarity of thermal responses
present in a community; it may help reveal how biological communities will respond to
climatic (i.e., thermal) variability. First, we characterized the thermal niches of 147 ant
species from 342 communities found along broad temperature gradients in western
Europe. Within each community, species’ mean thermal breadth and the difference
among species’ thermal optima (thermal complementarity) were considered to define
community thermal niche breadth—our proxy for community thermal resilience. The
greater the range of thermal responses and their complementarity within a community,
the greater the likelihood that the community could cope with novel conditions.
Second, we used simulations to calculate how robust community thermal resilience
was to random species extinctions. Community resilience was considered to be robust
when random species extinctions largely failed to constrict initial community thermal
breadth. Our results indicate that community thermal resilience was negatively and
positively correlated with mean temperature and temperature seasonality, respectively.
The pattern was reversed for robustness. While species richness did not directly affect
community resilience to thermal variability, it did have a strong indirect effect because
it determined community resilience robustness. Consequently, communities in warm,
aseasonal regions are the most vulnerable to temperature variability, despite their greater
number of species and resultant greater resilience robustness.
Keywords: ants, climate change, climate envelope, community vulnerability, niche complementarity, resilience,
response diversity, temperature
INTRODUCTION
The increase of 3.5◦C in the Earth’s mean temperature predicted to occur by 2100 (IPCC, 2013)
will inevitably have tremendous consequences for species’ distributions (e.g., Parmesan et al., 1999;
Deutsch et al., 2008; Markovic et al., 2014). It will also ultimately affect biodiversity (Parmesan
et al., 1999; Bellard et al., 2012; Peñuelas et al., 2013; Staudinger et al., 2013) and its associated
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ecosystem services (Díaz et al., 2005; Hooper et al., 2005;
Balvanera et al., 2006; Cardinale et al., 2012). Although several
studies have attempted to be proactive in predicting the effects
of climate change on biodiversity, they have mainly adopted
a species-level perspective (Mokany and Ferrier, 2011; Bellard
et al., 2012). However, a community-centered perspective is
crucial to understanding the consequences of climate change
on biodiversity and its associated ecosystem services. This is
because species do not usually live in isolation; instead, they
form communities where they interact with each other, and often
species respond to environmental changes as a group. More
recently, several studies have examined community responses
to climate change (Devictor et al., 2008; Kampichler et al.,
2012; Lindström et al., 2013; Jarzyna et al., 2015; Nieto-Sánchez
et al., 2015; Princé and Zuckerberg, 2015); nonetheless, our
understanding of how climate change affects community-level
biodiversity remains incomplete. Moreover, previous studies
have focused on the alarming expected increase in global mean
temperature. However, climate change is also predicted to
result in increasingly variable conditions (Schär et al., 2004)
and a higher frequency of extreme weather events whose
consequences for communities may be more dramatic than those
engendered by a simple shift in average conditions (Jentsch et al.,
2009).
To deal with both variability in future climatic conditions
in general and with shifts in thermal conditions in particular,
it may be useful to assess community resilience to climatic
FIGURE 1 | Conceptual framework of species- and community-level thermal niches. The thermal niche of a given species (A) is characterized by the species’
thermal optimum (µi ) and the species’ thermal breadth (σ i ). The thermal niche of a given community (B) is defined by the individual thermal niches of the species it
contains (b1). After all its species have been grouped together (b2), the community thermal niche is characterized by its thermal optimum (µCj ) and thermal breadth
(σCj ). We chose community thermal breadth (C) as our measure of community thermal resilience, and it is composed of (c1) mean thermal breadth (µσ j ) and (c2)
thermal complementarity (CVj ). An increase in either of the two indices therefore increases community thermal breadth.
variability. This could be accomplished by characterizing the
full range of a community’s thermal responses, which may have
important implications for community persistence under future
climatic conditions. As for species (Jiguet et al., 2006; Buckley
and Kingsolver, 2012; Huey et al., 2012), communities with a
greater range of climatic responses have a higher probability of
being able to cope with new conditions. A species’ thermal niche
is defined by its thermal optimum and breadth (Figure 1A). A
community’s thermal niche is defined by using the combined
individual niches of the species that coexist therein (Figure 1b1)
to determine the community’s thermal optimum and breadth
(Figure 1b2). According to Kühsel and Blüthgen (2015), the
range of thermal responses within a community (i.e., community
thermal breadth) may be calculated using the mean thermal
breadths of species within the community (Figure 1c1) and
their complementarity (i.e., the differences among the species’
thermal optima) (Figure 1c2). Some authors have suggested that
niche complementarity may help buffer ecosystem processes
against climatic fluctuations (Tilman, 1996; Doak et al., 1998).
Specifically, thermal complementarity explains the diversity
of thermal responses found within communities (Figure 1c2),
which is also referred to as “response diversity.” Response
diversity is the interspecific variability in response traits for
species that perform particular ecosystem functions; it has been
proposed to be an important stabilizing mechanism that may
also be a key determinant of ecosystem resilience in the face
of anthropogenic disturbance and environmental uncertainty
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(Elmqvist et al., 2003; Laliberté et al., 2010; Cariveau et al.,
2013; Mori et al., 2013). Ecosystem resilience is defined as
the maintenance of desirable conditions through the capacity
of a system to respond to environmental changes so as to
retain fundamental functionality (Mori et al., 2013). Indeed, our
approach of resilience does not directly translate to a particular
ecosystem function but to a taxonomically defined community.
Complementarity can be defined in one of two ways: (1) as
variation in thermal optima or (2) as thermal overlap. In this
study, we used the former definition, which means that thermal
complementarity and mean thermal breadth are theoretically
independent components of community thermal breadth. Thus,
both factors help increase community thermal breadth, i.e.,
community thermal resilience. Consequently, a continuous
gradient of community thermal resilience can be established—
from weakly to highly resilient communities—where resilience is
determined by both the mean thermal breadth and the thermal
complementarity of species within the community (Figure 2). At
one extreme of the gradient are communities with high levels
of both thermal complementarity (i.e., high diversity of thermal
optima) and mean thermal breadth (i.e., high range of thermal
tolerance), whose resilience to climatic variability will be the
greatest (Figure 2, right side). At the other extreme are the most
vulnerable communities, which are characterized by low thermal
complementarity and low mean thermal breadth (Figure 2, left
side).
Using this conceptual framework, and drawing on two
macroecological hypotheses regarding species-specific thermal
responses, we can predict the thermal resilience of communities
along climatic gradients. The thermal adaptation hypothesis
(Kaspari et al., 2015) states that species occurring in warmer areas
are living closer to their thermal limits and display narrower
thermal tolerances (Deutsch et al., 2008; Huey et al., 2009;
Sunday et al., 2011). This hypothesis is based on two different
general findings. First, in species, there is usually a positive
correlation between upper and lower thermal limits (Angilletta,
2009), as a consequence of trade-offs between the adaptations
that lower thermal limits and those that raise them (Hazel,
1995; Pörtner, 2001; Hochachka and Somero, 2002). Second, the
mechanisms to deal with thermal limits are costly (Angilletta,
2009). Therefore, in warm areas, most species are packed
into the upper part of the thermal space and therefore have
high thermal optima. Because the costs of maintaining thermal
tolerance to high temperatures do not allow species to invest in
thermal tolerance to low temperatures, species will display low
thermal breadth and low thermal complementarity, which should
decrease community thermal breadth. According to the climatic
variability hypothesis (Stevens, 1989), species occurring in more
variable climates should have broader thermal tolerances (e.g.,
Addo-Bediako et al., 2000; Quintero and Wiens, 2013; Khaliq
et al., 2014). Support for this hypothesis comes from a variety
of taxonomic groups—both endotherms and ectotherms—found
along climatic and latitudinal gradients (e.g., Addo-Bediako et al.,
2000; Quintero and Wiens, 2013; Khaliq et al., 2014). This
hypothesis implies that communities from regions with high
thermal seasonality should display high mean thermal breadth.
FIGURE 2 | Community resilience scenarios. Relationships between community thermal resilience and community thermal breadth, mean thermal breadth, and
thermal complementarity. Communities have been simplified to include three species and only extreme scenarios are depicted; note, however, that there might be a
continuum of community resilience. Community thermal breadth increases from left to right because both mean thermal breadth and thermal complementarity
increase.
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Communities in seasonal areas might also comprise a mixture
of species of different origins that have experienced selection for
different optimal conditions; consequently, such communities
should also have high thermal complementarity. It follows that
such communities should be the most resilient to the effects of
climatic variability, the same way species are (Deutsch et al.,
2008; Sunday et al., 2011). Overall, this suggests that community
resilience to climatic variability should be higher in colder and
more seasonal regions than in warmer and less seasonal regions.
However, these patterns might be masked by biodiversity,
which may play a central role in ecosystem resilience in the
face of change (e.g., Peterson et al., 1998; Tilman et al., 2006;
Naeem et al., 2009). This is because species diversity often
provides insurance against losses of single species (the insurance
hypothesis; Hooper et al., 2005); species losses may result
from climatic unpredictability or other types of disturbance or
stochasticity. Thus, we predict that a positive relationship exists
between species richness and the robustness of resilience (defined
here as the persistence of a system characteristic, i.e., resilience,
following a disturbance event) to species extinctions. If so, and
given that species richness usually increases with temperature
and aseasonality (e.g., Gaston, 2000; Dunn et al., 2009), we might
expect community thermal resilience to be more vulnerable to
species extinctions in regions where resilience is predicted to be
greater, i.e., in colder and less thermally stable regions where
species richness is the lowest. The future of these communities
may therefore be at stake if diversity is not well preserved.
In this study, we present a novel conceptual framework
for testing the ability of biotic communities to face variable
thermal conditions along broad thermal gradients. In contrast
to most recent studies exploring community-level thermal
responses to climate change (Devictor et al., 2008; Kampichler
et al., 2012; Nieto-Sánchez et al., 2015; Princé and Zuckerberg,
2015), our study addresses the full range of species-specific
thermal responses present within communities rather than
focusing exclusively on each species’ thermal optimum. To
develop this framework, we used ants (family Formicidae),
which are an ideal study system in this context because
they are geographically widespread, ecologically diverse, and
one of the most abundant invertebrate groups in terrestrial
ecosystems (Hölldobler and Wilson, 1990). First, using species
climate envelopes, we characterized the thermal niches of 147
European ant species in 342 ant communities located across
western Europe, thus covering a large latitudinal range. These
communities encompass a wide range of thermal conditions
and a high degree of species richness; the combined pool
of species demonstrates greatly contrasting thermal responses.
Second, we studied community-level changes in thermal niches
along temperature gradients, namely gradients in mean annual
temperature and temperature seasonality. We aimed to test two
hypotheses. The first is that community thermal breadth (i.e.,
community thermal resilience) tracks climatic gradients, such
that breadth is greatest in the coldest andmost thermally seasonal
regions. This pattern is predicted to result because thermal
complementarity and mean thermal breadth should decrease
along the mean annual temperature gradient but increase along
the temperature seasonality gradient. The second is that the
robustness of community resilience to species extinctions should
be the lowest in regions where community resilience is highest.
Note that our approach is based on the analyses of species
climate niches, which in ants are strongly predicted by thermal
physiological constraints (Arnan and Blüthgen, 2015).
MATERIALS AND METHODS
Community and Species Data
We assembled species composition data from 342 local ant
communities in western Europe, which represented coastal
to continental climates. Our database includes primary data
collected during the authors’ own field work and data derived
from an exhaustive search of the scientific literature. We
only considered studies that contained species abundance or
presence-absence data from single locations. These communities
comprised a total of 147 ant species, belonging to 29 genera and
5 subfamilies. We focused our analyses on presence-absence data
because they are more comparable among sites than abundance
data, which tend to be measured in different ways (Arnan et al.,
2014).
We gathered data on species records found on three large-
scale websites that provide ant distribution maps (a site
for Palaearctic and Macaronesian ants, http://www.formicidae.
org; AntWiki, http://www.antwiki.org; and Ant Web, http://
www.antweb.org). Using these records, between 10 and 758
observations were obtained for the 147 species studied (the
average was 135 observations).
Climatic information for sites and species locations (from
1950 to 2000) was obtained from the WORLDCLIM database
(http://www.worldclim.org/bioclim) using rasters with the
highest available resolution (30 arc-s). Sites were classified
according to their position along two temperature-related
climatic gradients: the mean annual temperature gradient
(MAT,◦C) and the temperature seasonality gradient (TS,
standard deviation of the MAT). Species thermal niches
were characterized using the MAT values from the species
records. We used means instead of, say, maxima and/or
minima to avoid errors in the climatic measurements within
some of the species’ ranges (particularly the larger ranges;
Gouveia et al., 2014). We obtained species climatic data
from actual known localities rather than from predicted
geographic distributions based on species distribution
modeling.
Thermal Niches
To calculate the community thermal niche indices, we first
characterized the species’ thermal niches using two indices.
It was assumed that the niches were well described by the
mean and standard deviation of the thermal conditions in
which the species occur. Species thermal niches often follow
a Gaussian distribution (Huey and Kingsolver, 1993), which
was also true of the niches of the subset of ant species used
in this study (Arnan and Blüthgen, 2015). We calculated the
following two species-level indices, which are illustrated in
Figure 1A.
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(1) The species thermal optimum (µi) for a species i was the
mean of all the available MAT values for that species and was
calculated as follows:
µi =
1
ni
ni∑
k= 1
MATik (1)
where index k was determined for the ni localities where species i
had been observed.
(2) Species thermal breadth (σ i) was the standard deviation
of those MAT values and was determined using the following
equation:
σi =
√√√√ 1
ni
ni∑
k= 1
(MATik − µi)
2 (2)
We then calculated the four following indices that characterized
community-level thermal space (Figures 1B,C).
(1) The community thermal optimum µCj was defined as the
mean of the observed MAT values for all the species present in a
community j and represents the position of a given community
in thermal space. It was calculated as follows:
µCj =
1
mj
∑
i∈ sj
ni∑
k= 1
MATik (3)
where mj =
∑
i∈sj
ni represents the total number of MAT records
for the combined set of all species and sj (lowercase) is the set of
species found in community j.
(2) Community thermal breadth σCj was defined as the
standard deviation of all the observed MAT values for all the
species present in a community j. It was calculated using the
following equation:
σCj =
√√√√ 1
mj
∑
i∈ sj
ni∑
k= 1
(MATik − µCj)2 (4)
This index σCj accounts for the size (i.e., range) of the thermal
space occupied by ant species from a given community and
was used as an estimate of community thermal resilience. Note
that for both σCj and µCj, species are implicitly weighted by
their number of occurrences, such that widely distributed species
contribute more strongly to the overall distribution of MAT
values.
(3) Thermal complementarity CVj was defined as the
coefficient of variation of the thermal optima of a community’s
species and was calculated as follows:
CVj =
1
µj
√√√√ 1
Sj
∑
i∈sj
(µi − µj)
2 (5)
where Sj (uppercase) is the total number of species in a
community j (i.e., the ordinal of the set sj) and µj is the mean
thermal optimum of that same community, which was calculated
as follows:
µj =
1
Sj
∑
i∈sj
µi (6)
This index CVj represents the diversity of thermal responses
within a community j. (4) Mean thermal breadth µσ j was
defined as the mean thermal breadth of the species in a
community j and was calculated as follows:
µσ j =
1
Sj
∑
i∈sj
σi (7)
In theory, two factors can increase community thermal breadth:
higher thermal complementarity and higher mean niche breadth
(σCj = CVj×µσ j). Thermal complementarity and mean thermal
breadth are independent here because temperature has lower and
upper limits.
Robustness Simulations
We also quantified the robustness of community thermal
resilience (i.e., community thermal breadth) to random species
extinctions. We considered that a community’s resilience was
robust when initial community thermal breadth tended to be
maintained in spite of species extinctions.We used simulations in
which we performed stepwise calculations of community thermal
breadth per site, as we proceeded to remove one random species
at a time until only one species was left. We carried out a total of
1000 such simulations. Note that the initial value for community
thermal breadth was that of the original community (i.e., no
species removed) and that the final value was the mean thermal
breadth of the last remaining species (when all but one species
had been removed). The relationship between mean community
thermal breadth (out of the 1000 simulations) and the number of
species removed (r) was then fitted to a geometrically declining
function (Supplementary Appendix 1):
σCj(r) = σ0 + a− a× b
r (8)
where σ 0 corresponds to initial community thermal breadth, and
a and b are parameters that needed to be fitted to the simulated
decay curve. For the entire community (no species removed;
r = 0, σCj (r = 0) = σ 0). The curve described by σCj(r) has a
slightly negative slope at small values of r but begins to dropmore
steeply at higher values. This approach satisfactorily estimated
most of the simulation curves (mean of R2 = 0.987, range of
R2 = 0.81–1).
To estimate the robustness of community thermal breadth
to random species extinctions, we computed a tolerance index,
Thalf ,j. It was defined as the proportion of the initial species pool
in a community j that would have to be removed to decrease
community thermal breadth to halfway between its minimum
and maximum. It is described by the following equation:
Thalf ,j =
1
Sj
logb
[
1+
1
2a
(σ0 − σSj−1)
]
(9)
where σ Sj−1 is the thermal breadth after all but one species have
been removed (for more details, see Supplementary Appendix 1).
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Low values of Thalf ,j indicate that losing just a small proportion
of the species pool can produce a strong decline in community
thermal breadth (low robustness), whereas high values of Thalf ,j
indicate that a large proportion of the species pool must be lost to
strongly decrease community thermal breadth (high robustness).
Tolerance was calculated in relative terms tomake it independent
of the initial value of community thermal breadth and the size
of the community species pool, thus allowing for comparisons
among communities.
Statistical Modeling
First, we analyzed the relationships among the community
thermal indices and the relationship between the indices and
species richness by carrying out generalized least squares (GLS)
models in R (R Development Core Team., 2014). These models
can be used to account for correlated errors, such as those that
result from spatial autocorrelation. To identify the optimal spatial
correlation structure, we conducted model comparison using
AIC; inspection of the residuals indicated that spatial effects
could be almost entirely removed from all our models. Thermal
complementarity and tolerance were arcsin transformed and
species richness was natural log transformed to ensure residual
normality.
Second, we carried out GLS models to analyze the
relationships between the community thermal indices
(community thermal breadth, thermal complementarity,
mean species breadth, community thermal optimum, and
tolerance) and the two temperature gradients (MAT and
TS). Separate models were performed to relate each index to
each gradient. To ensure that patterns along the temperature
gradients were not random and/or mediated by variation in
species richness, we used a simulation approach to create
null distributions of expected thermal niche indices per plot.
Specifically, we generated random communities by, first, fixing
the number of species per community to the observed value and
then drawing species at random from the entire species pool.
The relationships between the mean index values obtained from
the 100 simulations per plot and the temperature gradients were
analyzed using GLS models, as above.
RESULTS
Ant communities comprised 4–37 ant species (mean ± sd:
12.0 ± 6.6). First, we characterized the thermal niches
of these species. Species thermal optima ranged from 4.17
(Formica uralensis) to 17.92◦C (Cardiocondyla mauritanica)
(12.48 ± 3.02), and species thermal breadth ranged from 0.23
(Cataglyphis floricola) to 4.66◦C (Hypoponera punctatissima)
(2.72 ± 0.73). Using the information for all the species within a
community, we calculated the community-level thermal indices.
Community thermal optima ranged from 7.71 to 15.34◦C
(13.13 ± 1.64), and community thermal breadth ranged from
2.36 to 4.85◦C (3.40 ± 0.60). Thermal complementarity was
between 0.02 and 0.42 (0.14 ± 0.08); mean thermal breadth
was between 1.86 and 3.96◦C (2.99 ± 0.45); and tolerance was
between 0.40 and 0.93 (0.77± 0.11).
We then analyzed the relationships among the different
community thermal indices (Supplementary Table 1,
Supplementary Figure 1). Thermal complementarity
(p < 0.0001, R2 = 0.83) and mean thermal breadth (p < 0.0001,
R2 = 0.81) strongly explained variation in community thermal
breadth (i.e., thermal resilience): the higher the value of one of
these two indices, the higher a community’s thermal breadth.
The product of thermal complementarity and mean thermal
breadth explained variation in community thermal breadth
even better (R2 = 0.90), underscoring their synergistic effect.
Thermal complementarity and mean thermal breadth were
not strongly related (R2 = 0.55). Taken together, all these
results lend support to our theoretical framework, in which
we view thermal complementarity and mean thermal breadth
as the two components that make up community thermal
breadth (Figure 1). Tolerance, our measure of the robustness
of community resilience to random species extinctions, was
negatively related to thermal complementarity (p < 0.0001,
R2 = 0.05) and mean thermal breadth (p < 0.0001, R2 = 0.14),
as well as to community thermal breadth (p < 0.0001,
R2 = 0.11) (Supplementary Table 1, Supplementary Figure 2).
More generally speaking, tolerance and community thermal
breadth were independent or complementary (low R2-values).
However, the communities most resilient to climatic variability
were, in turn, those communities whose resilience was less robust
to species extinctions; their vulnerability seemed to be more
influenced by mean thermal breadth rather than by thermal
complementarity. Community thermal optima were strongly
negatively related to community thermal breadth (p < 0.0001,
R2 = 0.81), thermal complementarity (p < 0.0001, R2 = 0.67),
and mean thermal breadth (p < 0.0001, R2 = 0.69), but
weakly positively related to tolerance (p < 0.0001, R2 = 0.11)
(Supplementary Table 1, Supplementary Figure 3).
Species richness was weakly negatively related to community
thermal breadth (p = 0.0013, R2 = 0.06), thermal
complementarity (p = 0.024, R2 = 0.02), and mean thermal
breadth (p < 0.0001, R2 = 0.13). Community thermal optima
were also weakly but positively related to species richness (p =
0.0001, R2 = 0.06). In our calculations, tolerance was assumed
to be independent of species richness (since it involves the
proportion of species lost); however, species richness nonetheless
had a strong positive influence (p < 0.0001, R2 = 0.72)
(Supplementary Table 1, Supplementary Figure 4).
Community thermal breadth, thermal complementarity,
mean thermal breadth, community thermal optima, and
tolerance were significantly related to the temperature gradients
(Table 1). In agreement with the thermal adaptation hypothesis,
we found that thermal complementarity and mean thermal
breadth, and consequently community thermal breadth, were
strongly negatively related to MAT (Figure 3). In contrast,
community thermal optima were strongly and positively related
toMAT. In agreement with the climatic variability hypothesis, we
found that thermal complementarity and mean thermal breadth,
as well as community thermal breadth, increased along the TS
gradient (Figure 3). Taken altogether, these results indicate that
ant communities in colder, more seasonal regions should best
be able to respond to the climatic variability associated with
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FIGURE 3 | Relationships of community thermal breadth, thermal complementarity (arcsin transformed), and mean thermal breadth with mean annual
temperature (MAT,◦C) and temperature seasonality (TS, standard deviation of MAT).
climate change. However, tolerance was positively related to
MAT, but negatively related to TS (Figure 4). Consequently,
the communities with higher thermal resilience were also those
whose resilience was less robust to random species extinctions.
The relationship between species richness and the
temperature gradients was significant, but very weak (species
richness vs. MAT: p = 0.0001, R2 = 0.05; species richness
vs. TS: p = 0.048, R2 = 0.02; Supplementary Table 1).
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TABLE 1 | Statistical output for the generalized least squares models of the effects of the temperature gradients on community thermal breadth, thermal
complementarity, mean thermal breadth, community thermal optima, and tolerance.
Mean annual temperature Temperature seasonality
Estimate t-value p R2 Estimate t-value p R2
Mean thermal breadth −0.80± 0.03 −25.1 <0.0001 0.67 0.41 ± 0.05 7.8 <0.0001 0.18
Thermal complementarity −0.78± 0.03 −22.8 <0.0001 0.61 0.59 ± 0.05 13.0 <0.0001 0.33
Community thermal breadth −0.85± 0.03 −29.0 <0.0001 0.72 0.57 ± 0.05 11.8 <0.0001 0.32
Community thermal optima 0.87 ± 0.03 34.0 <0.0001 0.78 −0.58± 0.05 −12.9 <0.0001 0.37
Tolerance 0.34 ± 0.05 6.2 <0.0001 0.11 −0.26± 0.06 −4.7 <0.0001 0.07
FIGURE 4 | Relationship between tolerance (arcsin transformed) and
mean annual temperature (MAT,◦C) and temperature seasonality (TS,
standard deviation of MAT).
This finding suggests that species richness may have a very
limited impact on the relationships between the community
thermal indices and the temperature gradients. We also
analyzed the relationships between the community thermal
indices derived from our simulated communities and the
temperature gradients. Unlike for the actual communities,
most of the results for the simulated communities were not
significant (Supplementary Table 2). When they were, the
slopes and R2-values were much lower. However, the actual and
simulated communities showed similar changes in tolerance
along the temperature gradients (comparable slopes and
R2-values). This finding suggests that variation in species
richness was not important for the thermal resilience of ant
communities, but did make a community’s resilience more
robust to random species extinctions, which confirms the
relationship we observed between tolerance and species richness
(see above).
DISCUSSION
There is an urgent need for new approaches that can predict
the impacts of climate change at the community level (Mokany
and Ferrier, 2011; Bellard et al., 2012). In this study, we present
a novel conceptual framework that can be used to test the
ability of biotic communities to deal with the increasing variable
thermal conditions and extreme weather events associated with
climate change. This framework utilizes the full range of
thermal responses shown by communities, as well as response
complementarity. As far as we know, this is the first time a test of
community thermal resilience to climatic variability along broad
thermal gradients has been proposed. Our results provide strong
support for the hypothesis that community thermal breadth (our
measure of community thermal resilience) in western European
ant communities is much lower in warmer, less seasonal regions,
which in turn implies that these regions are the most vulnerable
to climatic variability. As of yet, central and eastern Europe
are experiencing the greatest increases in interannual climatic
variation (Schär et al., 2004; IPCC, 2013), but fortunately
the regions’ low temperatures and high seasonality also make
them the most resilient. Our results are supported by recent
research. For instance, Princé and Zuckerberg (2015) analyzed
the changes that took place over a 22-year period in winter
bird communities in North America, and they found that
bird communities at southern latitudes were the most affected
by climatic variability. Jarzyna et al. (2015) found that bird
communities in fragmented landscapes are less vulnerable to
climate change than communities found in homogenous habitats,
probably due to the fact that they are comprised of species with
wider thermal niches and are less susceptible to shifts in climatic
variability.
We found that community thermal breadth depends
on, independently, both mean thermal breadth (i.e., the
average of the species-specific thermal responses found in a
community) and community thermal complementarity (i.e., the
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complementarity of those species-specific thermal responses).
Indeed, both variables explained a large proportion of the
variance in community thermal resilience, and the product
of the two variables had even greater explanatory power. The
implications of these results are 2-fold. First, community
niche complementarity values clearly reflect response diversity,
which is the variation in species-specific (thermal) responses to
environmental change in a particular community (Mori et al.,
2013). Response diversity is a key component of ecosystem
resilience to anthropogenic pressures and environmental
variability (e.g., Elmqvist et al., 2003; Cariveau et al., 2013; Mori
et al., 2013). Second, broader thermal niches are associated with
a higher probability of species persistence under new climatic
conditions (Buckley and Kingsolver, 2012; Huey et al., 2012).
Taken together, these findings indicate that communities with
greater thermal complementarity and thermal breadth will be
better able to respond to climatic variability. In accordance
with our first hypothesis, we found that ant communities in
colder, more seasonal areas had more variable species-specific
temperature optima (i.e., higher response diversity or community
thermal complementarity) and broader species-specific thermal
niches, and that both contributed to greater community thermal
breadth. Our results also indicate that this pattern is not
mediated by any indirect effects related to changes in species
richness along these gradients. Thermal niches are significant,
well-described response traits: they are defined by responses to a
specific environmental variable, namely thermal variation. This
fact is important because climate change is predicted to not only
increase average temperatures, but also result in more variable
summer and winter temperatures (Schär et al., 2004) and cause a
higher frequency of extreme weather events (Jentsch et al., 2009).
Furthermore, we found strong evidence that the thermal
resilience of European ant communities stems from specific
patterns in species thermal niches that are described by two
macroecological hypotheses: the thermal adaptation hypothesis
and the climatic variability hypothesis. Such hypotheses have
been widely and soundly supported for different taxonomic
groups at global (e.g., Deutsch et al., 2008; Huey et al., 2009;
Diamond et al., 2012; Sunday et al., 2012; Khaliq et al., 2014),
regional (Calosi et al., 2008), and local (Kaspari et al., 2015)
scales. These hypotheses were formulated to describe how
species’ thermal physiological limits are adapted to temperature
variation. On the one hand, the observed decrease in mean
thermal breadth and thermal complementarity in warmer areas
is consistent with the thermal adaptation hypothesis (Kaspari
et al., 2015); it suggests that species occurring in warmer areas
live closer to their thermal limits and have narrower thermal
niches (Deutsch et al., 2008; Sunday et al., 2012; Araújo et al.,
2013). On the other hand, the observed increase in mean thermal
breadth in more seasonal regions is consistent with the climatic
variability hypothesis (Addo-Bediako et al., 2000), which predicts
that species living in areas with minimum seasonal temperature
variation will have narrower thermal breadth than species living
in areas with more extreme seasonal temperature variation
(Janzen, 1967; Stevens, 1989). Community thermal breadth is also
bolstered by the increased thermal complementarity found in
more seasonal regions, probably because temperature seasonality
means that thermal niches are available for species with different
thermal optima, even though species have broader thermal
niches.
Interestingly, the climatic variability hypothesis is the subject
of debate (Sunday et al., 2011). Indeed, it has usually been tested
using a subset of species for which information is available
for a given latitudinal band. Consequently, the macroecological
patterns observed may be an artifact of the taxonomically
non-random subset of species for which data are available
(Sunday et al., 2011). Since our analyses used all the ant species
that co-occur at a given site, our results are unlikely to be
biased and we have more confidence in our conclusion that
temperature variability and species thermal breadth are related.
Another criticism of this hypothesis is that any patterns observed
might be due to two, somewhat-masked climatic gradients that
covary with latitude, namely mean annual temperature (MAT)
and temperature seasonality (TS). Most authors ascribe this
latitudinal pattern to climatic variability (e.g., Sunday et al.,
2011; Khaliq et al., 2014), but the pattern may reflect a simple
gradient of mean annual temperature (Deutsch et al., 2008). By
disentangling the relationship between mean thermal breadth
and the two temperature gradients, we have demonstrated that
the MAT gradient has a stronger effect (in terms of R2 and the
estimated slope of the regression) on thermal niche breadth than
does the TS gradient, which lends support to the idea that mean
temperature gradients explain more of the variability in thermal
breadth than do gradients of temperature seasonality.
As far as our second hypothesis, any conclusions about
community thermal resilience patterns along climatic gradients
should account for community robustness (i.e., the maintenance
of initial community resilience after any disturbance that
removes species). We did so by calculating a tolerance index,
a measure of the robustness of community resilience to
random species extinctions, which could arise from climate
change or other related disturbances. We found that the
communities most resilient to climatic variability are, in turn,
the communities whose resilience is the least robust (i.e., less
tolerant of random species extinctions). This reduced tolerance
to species extinction is strongly driven by the reduction in
species richness, a finding that is supported by the analyses of
the simulated communities. Although the variation in species
richness along the mean temperature and seasonality gradients
was relatively gradual, it was strong enough to frame community
robustness to species extinctions, which provides support for
the insurance hypothesis (Hooper et al., 2005). Overall, these
results imply that communities in warm, less seasonal areas,
which are the most vulnerable to climatic variability, are
also the most robust communities—demonstrating resilience
to random species extinctions. Such predictions may become
important in formulating future conservation and management
strategies that effectively preserve biodiversity. Our results
suggest that it will be particularly crucial to protect species
in colder, more seasonal regions, while mitigation strategies
for dealing with climatic variability will be more important in
warmer, less seasonal regions. Obviously, our results are subject
to non-deterministic species removal, and including species
sensitivity to different disturbances might greatly improve our
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model predictions as regards resilience robustness to particular
disturbances.
Finally, we acknowledge that our approach is not without
its flaws. For instance, the way in which we estimated the
thermal niche indices could be improved in at least three
ways. First, we used species occurrence data, but perhaps
abundance data would have been better, especially if the values
of the community thermal indices are heavily influenced by
the presence of rare species. The latter may go extinct in
response to climate change simply because they are already
in sink habitats (Fordham et al., 2013). However, there was
no indication that this was a problem in our study; the
patterns we found in the community thermal indices along the
thermal gradients were strong and significant. Indeed, Devictor
et al. (2008) measured changes in bird community composition
in response to climate warming and found similar patterns
regardless of whether abundance or occurrence data were used.
Second, we measured realized rather than fundamental thermal
niches. Obviously, it would have been preferable to characterize
thermal niches via controlled, physiological experiments, but
that would have been challenging given the large number of
species examined here. Furthermore, the fundamental thermal
niches of species are shaped by species-specific physiological
constraints; fundamental thermal niches only become realized
thermal niches as a consequence of biotic interactions (e.g.,
competition) and demographic/dispersal constraints (see Meier
et al., 2010 for an example). Interestingly, a previous study
utilizing the subset of ant species examined here demonstrated
that species physiological thermal tolerance and biogeographic
climatic niches (i.e., realized climatic niches) were strongly
correlated (Arnan and Blüthgen, 2015). Third, estimations of
species thermal niche indices based on species records are
obviously scale dependent; our species-specific thermal niche
indices may therefore be biased. For instance, if a species’
distribution runs from North Africa to northern Europe, thermal
niche indices calculated exclusively based on data from western
Europe might display lower values than if the full range of data
was used.
Another way in which our approach could be ameliorated is
by expanding our range of latitudinal gradients. In particular,
it would be interesting to include tropical regions because
they are the warmest and least seasonal regions in the world.
By expanding our scope, we could reach broader conclusions.
However, at present, the high level of species richness typical of
these communities, combined with the poorly resolved taxonomy
of tropical ant species, makes it difficult to envisage applying
our community-level approach to data from these regions.
Ultimately, even though our approach has its limitations, we
nonetheless believe that it can yield meaningful comparative
conclusions. Furthermore, the aforementioned caveats can be
used to guide future research.
In this study, we analyzed the thermal responses of ant
communities along climatic gradients using species climate
envelopes. We have shown that communities living in warm,
aseasonal regions are the most vulnerable to climatic variability,
although they include the greatest number of species and
their climate-related resilience is thus more robust to species
extinctions. Processes such as acclimation, adaptation, dispersal,
and behavioral plasticity might help communities weather the
impacts of climate change (e.g., Deutsch et al., 2008; Williams
et al., 2008; Dawson et al., 2011; Sunday et al., 2014). However,
we are far from having a solid understanding of these responses
and their relevance for ants or other taxa.More research is needed
to improve the quality of the models that can be used to predict
community vulnerability to climatic variability in the future.
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